Abstract Cholinesterase inhibitors (ChEIs) are widely used for the symptomatic treatment of Alzheimer's disease (AD). In vitro and in animal studies, ChEIs have been shown to influence the processing of Ab and the phosphorylation of tau, proteins that are the principal constituents of the plaques and neurofibrillary tangles, respectively, in AD brain. However, little is known about the effects of these drugs on Ab and tau pathology in AD. Using avidin-biotin immunohistochemistry and computerassisted image analysis, we compared Ab and tau loads in the frontal and temporal cortices of 72 brains from matched cohorts of AD patients who had or had not received ChEIs. Patients treated with ChEIs had accumulated significantly more phospho-tau in their cerebral cortex than had untreated patients (P = 0.004). Ab accumulation was reduced but not significantly. These data raise the possibility that increased tau phosphorylation may influence long-term clinical responsiveness to ChEIs.
Introduction
Progressive cognitive decline in Alzheimer's disease (AD) correlates closely with loss of cholinergic function. The deficit in acetylcholine-induced activity is associated with marked loss of cholinergic neurons (chiefly from the basal forebrain) [14] and a decrease in specific acetylcholine receptor subunits. Initial reports suggested that the muscarinic receptors are predominantly affected in AD [6, 7] but subsequent studies showed extensive loss of nicotinic receptors as well [8] . Most of the licensed pharmacological treatments for AD are cholinesterase inhibitors (ChEIs). These improve cognition and function in many individuals, but not all patients benefit [11] and the duration of response is unclear.
Data from cell culture studies and rodent models suggest that drugs which interact with muscarinic and nicotinic receptors influence the metabolism of amyloid-b peptide (Ab) and phosphorylation of tau [3, 12] . These experimental data are supported by post-mortem observations of an increased density of Ab plaques in patients with Parkinson's disease who had been treated with anticholinergic drugs [10] and of a reduced Ab load in patients with dementia with Lewy bodies (DLB) who had been treated with ChEIs [1] . In a case-control study, AD patients receiving the ChEI donepezil had a slowed progression of hippocampal atrophy [4] , suggesting a decreased rate of progression of their AD. In a previous autopsy study focusing on DLB, in which a high proportion of patients have concurrent AD pathology, we found that in comparison to untreated patients, those receiving ChEIs had a significant reduction of Ab but a non-significant increase in tau pathology [1] .
In the present study we have compared the extent of Ab and tau pathology in post-mortem brain tissue from AD patients who had been treated with ChEIs, to that in tissue from patients who had not.
Materials and methods

Patients
Post-mortem brain tissue was examined from 72 patients with AD (56 from South West Dementia Brain Bank, Bristol UK and 16 from the Alzheimer Disease Research Center Neuropathology and Molecular Genetics Core at UCLA, Los Angeles, USA), whose brains had been donated for research. All of the patients had a neuropathologically confirmed diagnosis of probable or definite AD according to Consortium to Establish a Registry for Alzheimer's Disease (CERAD) criteria, and of Braak tangle stage V-VI [2] . Half (the treatment group, n = 36) had received a course of treatment with one or more ChEIs (donepezil n = 8, galantamine n = 9, tacrine n = 17, rivastigmine n = 1) whilst the other half (the control group) had no history of ChEI treatment. The two groups were approximately matched for age, gender (treatment group: females 15, age range 52-88 years, mean = 73, SD = 9.3; control group: females 15, age range 60-99 years, mean = 76.1, SD = 8.4) and highest educational level. APOE genotypes (*/*, */e4, e4/e4) were 11, 10 and 1 in the treatment group and 6, 11 and 7 in the controls (v 2 = 5.94, P = 0.051). Relevant clinical data including age at death, initial and final Mini-Mental State Examination (MMSE) scores, specific ChEI, frequency and duration of treatment and duration of disease were extracted from the patients' medical records when available. This study was approved by Frenchay Research Ethics Committee.
Immunohistochemistry
Sections 7 lm in thickness were cut from paraffinembedded, formalin-fixed blocks of frontal lobe in the coronal plane of the head of the caudate nucleus (i.e. including BA 6 and 24) and of temporal lobe in the coronal plane of the lateral geniculate body (including BA 21 and 22). Sections were immunolabelled with a pan-Ab antibody (1:2000, M07872, DAKO, Glostrup, Denmark; sections were pre-treated with formic acid) and antibody to Ser202 phospho-tau (1:3000, AT8, Zymed, CA, USA), by a standard streptavidin-biotin-peroxidase method and visualised with diaminobenzadine (DAB).
Quantitation of immunolabelling
The extent of parenchymal Ab deposition and phosphotau accumulation within the frontal and temporal neocortex was quantitated, as previously described [1] , using computer-assisted image analysis. Histometrix software (Kinetic Imaging, Nottingham, UK) driving a Leica DM microscope with a motorised stage was used to demarcate three, approximately 5 mm lengths of cortical ribbon in BA 24 and 6 of the frontal and BA 21 and 22 of the temporal lobe. Within each of the three delineated regions, unbiased selection of ten 920-objective fields was made by the software and the percentage area immunopositive for the antigen of interest (Ab or phospho-tau) was determined for each section. By interactive editing of the captured images, vascular Ab was excluded from the analysis, as were any artefacts.
Statistical analyses
Independent t tests with the help of SPSS version 12.0 were used to compare demographic data between treated and untreated cases and Mann-Whitney U tests were used to compare tau measurements in the treated and untreated cases. A P \ 0.05 was considered statistically significant.
Results
The demographic characteristics of the treated and untreated cases were very similar, as were the initial MMSE scores; no statistical differences between the two groups were evident for any of these parameters ( Table 1) . The APOE genotypes for the two cohorts were not significantly different (P = 0.051); however, it is clear that there are more e4 homozygotes in the untreated cohort than the treated. The genotypes of the cases were not found to affect either the Ab or phosphorylated tau loads (data not shown). Unfortunately only one-third of each group had a record of a final MMSE being completed within 2 years prior to the individual's death. For this reason the data for final MMSE scores are not shown in Table 1 .
The extent of parenchymal Ab deposition did not differ significantly between treated and untreated patients (P = 0.48) ( Table 1 ; Fig. 1a ) and further analysis showed that Ab loads did not differ significantly between treatment subgroups. However, the extent of phospho-tau immunolabelling was significantly greater in those who had been treated with a ChEI than those who had not (P = 0.004) (Table 1; Fig. 1b) . Phospho-tau load did not differ significantly between treatment subgroups. There was no significant relationship between Ab or phospho-tau load and either MMSE score at commencement of treatment or duration of treatment.
Discussion
Although ChEIs have been used for treatment of many AD patients over several years and despite in vitro and animal studies indicating that these drugs affect the metabolism of Ab and tau, to our knowledge this is the first post-mortem examination of the possible consequences of ChEI treatment on Ab and tau pathology in AD in man.
Our finding that the amount of hyperphosphorylated tau was greater in ChEI-treated than in untreated cases was unexpected and needs verification. Since increased tau pathology (higher Braak stage) correlates well with cognitive decline, one possible confounder that we considered was that the treated and untreated patients might have differed in cognitive performance. However, at least as measured by their MMSE scores at commencement of treatment, cognitive status did not differ between the treated and untreated patients. MMSE scores obtained during treatment with ChEIs might have shown whether or not the drugs were having any beneficial effects on cognition, but these data were unfortunately not available for many of the cases. The results are, however, consistent with the experimental literature. The treatment of cell lines and synaptosomes with nicotine increased tau phosphorylation [5, 13] and chronic treatment of SH-SY5Y cells with tacrine, galantamine or donepezil increased the amount of phosphorylated tau [5] . Chronic administration of nicotine to triple transgenic mice (PS1 M146V , APP Swe , and tau P301L ) produced a marked increase in the aggregation and phosphorylation of tau at the AT8-specific epitope [9] .
The exact mechanism by which nicotinic agonists stimulate the phosphorylation of tau is not clear. One study found that the level of p38-MAP kinase, capable of phosphorylating tau in vivo, was increased in transgenic mice that had received nicotine whilst the level of GSK3b, also capable of phosphorylating tau, was unchanged [9] . Limitations of the present study include the modest sample sizes, retrospective design and potential bias related to the patient characteristics in the two cohorts. The study was also hindered by the absence of dosing information for many of the cases. Current guidelines and practice are such that it would be unethical to conduct this type of study prospectively. The present cohorts were well matched with respect to demographic characteristics and initial MMSE scores. As far as sample size is concerned, we were constrained by the availability of archival cases suitable for inclusion in this study (i.e. matched cohorts of patients with treatment records and clinical data) but it will, of course, be important to see whether or not the present findings can be confirmed in other cohorts.
Our study suggests that treatment with ChEIs influences the pathological changes in the brain in AD. In this preliminary investigation the amount of phospho-tau appeared to be increased by ChEIs. These actions are likely to be important in influencing the long-term clinical responses to ChEIs and the strategy of combining a ChEI with a drug that reduces phosphorylation of tau may prove to be a particularly attractive treatment option in the future.
